Introduction
============

Retinoic acid receptor responder 1 (*RARRES1*) or tazarotene-induced gene 1 was initially identified as the most upregulated gene after retinoic acid receptor (RAR)-β/γ-specific retinoid treatment of skin raft cultures.^[@bib1]^ The *RARRES1* gene lies adjacent to Latexin (*LXN*), on chromosome 3q25. LXN was first identified as a marker of neurons in the lateral neocortex of rat brain^[@bib2],\ [@bib3]^ and shares a focal 30% amino-acid sequence homology with RARRES1 ([Supplementary Figure 1](#sup1){ref-type="supplementary-material"}). The principal differences are in the existence of a putative N-terminal transmembrane domain in RARRES1.

A functional role for suppression of *RARRES1* expression in cancer cell lines was confirmed by studies on a metastatic prostate cancer (CaP) cell line (PC3M) where it acted as an invasion suppressor.^[@bib4]^ Similar activity has been seen in Epstein--Barr virus-infected nasopharyngeal carcinoma^[@bib5]^ and breast carcinoma SUM-159 cells.^[@bib6]^ However, no study has determined the effect of RARRES1 on primary cancer cell invasion and more importantly it is not known whether LXN can also suppress invasion. A differentiation-associated function for RARRES1 has been presumed, as its expression is closely associated with differentiation of colorectal adenocarcinoma cells,^[@bib7]^ adult adipose-derived mesenchymal stem cells (SCs),^[@bib8]^ endometrial tumour cells and colon cancer cell lines,^[@bib9]^ although no previous study has directly linked *RARRES1* expression with SC differentiation. In contrast, *LXN* has been identified as a quantitative trait gene responsible for negative regulation of haematopoietic SC (HSC) numbers in mice.^[@bib10]^ *LXN*-deficient HSCs have been shown to possess an enhanced colony-forming ability^[@bib11]^ and modulation of *LXN* expression in gastric carcinoma cell lines affected colony-forming ability in a similar manner.^[@bib12]^ However, it is not known whether LXN has a differentiation-associated function similar to RARRES1.

The precise mechanism of action for these two closely related genes has proven elusive. LXN has been described as the only known endogenous carboxypeptidase inhibitor^[@bib13]^ and the structure of LXN in complex with carboxypeptidase A4 (CPA4) has been solved.^[@bib14]^ As there is primary amino-acid sequence identity in the CPA4-binding site between LXN and RARRES1, both proteins were predicted to function as carboxypeptidase inhibitors.^[@bib15]^

Expression of *RARRES1* is low in cancer cell lines, but can be induced by the vitamin D3 pro-differentiation agent 1,25-dihydroxyvitamin D in the human colon carcinoma cell line Caco-2.^[@bib16]^ RARRES1 expression is repressed by DNA methylation in a number of cancers, including CaP,^[@bib6],\ [@bib17],\ [@bib18],\ [@bib19],\ [@bib20],\ [@bib21],\ [@bib22],\ [@bib23],\ [@bib24]^ and *LXN* expression has recently been shown to be controlled by promoter hypermethylation in cancer, including CaP.^[@bib12],\ [@bib25],\ [@bib26],\ [@bib27]^

The intracellular localization of RARRES1 has not been defined. Sequence analysis initially predicted RARRES1 to be a transmembrane protein with a small N-terminal intracellular region, a single membrane-spanning hydrophobic region and a long C-terminal extracellular region.^[@bib4]^ More recently, RARRES1 was proposed to be a type III transmembrane (plasma membrane) protein based purely on its *N*-glycosylation status, with its long C-terminal domain now facing the cytoplasm.^[@bib28]^ The intracellular localization of LXN in human cells is unknown, but an early study in rat mast cells indicated a cytoplasmic granular distribution that was not associated with lysosomal structures.^[@bib29]^

We show here that *RARRES1* and *LXN* are both highly expressed differentiation-associated genes that are not expressed in SC enriched from human primary prostate epithelial cultures. Transcription of both *RARRES1* and *LXN* was co-ordinately regulated by DNA methylation in malignant cell lines but surprisingly not in primary basal cultures. The expression of both *RARRES1* and *LXN* was however further induced by retinoic acid (RA) in these enriched basal prostate cultures. We also demonstrate that both RARRES1 and LXN not only act to suppress invasion in primary epithelial cultures, but also decrease the SC-initiated colony-forming efficiency of primary cultures, in keeping with a SC 'suppressive\' function. We have also firmly established the intracellular localizations of these two important regulatory proteins: LXN shows a predominantly nuclear expression, whereas RARRES1 is located within the endoplasmic reticular lumen, thus influencing their previously proposed functions.

Results
=======

Expression of RARRES1 and LXN is induced by RA and correlates with DNA methylation in prostate epithelial cell lines
--------------------------------------------------------------------------------------------------------------------

As *RARRES1* is known to be upregulated by RA in skin,^[@bib1]^ and the homology and adjacent location of *RARRES1* and *LXN* suggest that their expression may be regulated by the same mechanism ([Supplementary Figure S1](#sup1){ref-type="supplementary-material"}), the regulation of their expression by RA was investigated in prostate epithelial cell lines. Putative binding sites for RA responsive elements (RAREs) are present within 5 kB upstream of the *RARRES1* (1 site) and *LXN* (2 sites) transcription start sites ([Figure 1a](#fig1){ref-type="fig"}). Basal (PNT1a, BPH-1, RC165 and Bob) cell lines and the luminal LNCaP cell line were treated with 500 nℳ atRA over a time course, and mRNA expression of *RARRES1* ([Figure 1b](#fig1){ref-type="fig"}) and *LXN* ([Figure 1c](#fig1){ref-type="fig"}) quantified. Although three out of four and all four basal cell lines showed a significant increase in *RARRES1* and *LXN* expression respectively after 24 h, the LNCaP cell line showed a modest decrease in expression.

Pyrosequencing methylation analysis performed at the positions indicated in [Supplementary Figure S2](#sup1){ref-type="supplementary-material"} showed that the *RARRES1* promoter was significantly hypermethylated in the cancer cell lines P4E6 (6%), PC3 (11%) and LNCaP (73%), but not in the non-malignant PNT2-C2 cell line ([Figure 1d](#fig1){ref-type="fig"}). *LXN* showed significant hypermethylation in not only the cancer cell lines P4E6 (82%) and LNCaP (64%), but also at generally lower levels in the benign cell line PNT2-C2 (27%). When prostate cell lines were treated with 1 μℳ of the demethylating agent 5-Aza-2′-deoxycytidine for 96 h to determine whether methylation was functionally related to the expression of *RARRES1* and *LXN* as measured by quantitative reverse transcription--PCR (qRT--PCR; [Figure 1e](#fig1){ref-type="fig"}), *RARRES1* expression was significantly induced in cancer cell lines, but not in the benign cell line PNT2-C2. More importantly, *LXN* expression was also significantly induced in the cancer cell lines P4E6 and LNCaP but not in malignant PC3 cells, which constitutively overexpressed *LXN*. A direct comparison of the expression of *RARRES1* and *LXN* with the extent of DNA methylation confirmed that hypermethylation of *RARRES1* and *LXN* correlated with a downregulation of expression; cell lines expressing high levels of mRNA had low levels of promoter methylation, but cell lines expressing the lowest levels of mRNA hypermethylated both *RARRES1* and *LXN* ([Figure 1f](#fig1){ref-type="fig"}).

*RARRES1* and *LXN* are expressed at low levels in SCs enriched from primary prostate epithelial cultures
---------------------------------------------------------------------------------------------------------

Analysis of Affymetrix gene-expression array data^[@bib30]^ identified *RARRES1* and *LXN* as two of the most differentially expressed genes in prostate basal cultures, in a comparison between SC and more differentiated committed basal (CB) cells ([Supplementary Figure S3](#sup1){ref-type="supplementary-material"}). This differential expression was next validated by qRT-PCR in SC, transit amplifying (TA) cells which are the product of asymmetric division upon self renewal of SC and CB cell populations isolated from primary prostate epithelial cultures (see Materials and methods). The primary epithelial cultures described are of an undifferentiated basal phenotype and do not contain a terminally differentiated luminal cell population. *RARRES1* showed significantly lower levels of expression in SC from benign prostatic hyperplasia (BPH) samples than more differentiated TA or CB cells. CaP samples showed the same trend in *RARRES1* expression; however, the overall expression levels observed in CaP samples were as expected, much lower than in BPH, suggesting that *RARRES1* is downregulated in prostate basal cancer cells ([Figure 2a](#fig2){ref-type="fig"}). *LXN* also showed significantly lower levels of expression in SC compared with TA and CB cells ([Figure 2b](#fig2){ref-type="fig"}).

The mRNA expression patterns were also confirmed by immunofluorescence analysis of RARRES1 and LXN in SC, TA and CB populations from primary prostate epithelial cultures, that is, expression of RARRES1 ([Figure 2c](#fig2){ref-type="fig"}) and LXN ([Figure 2d](#fig2){ref-type="fig"}) was low in SCs and increased during differentiation to TA and CB cells. In these enriched primary cultures, native RARRES1 expression demonstrated an intense cytoplasmic staining, whereas LXN expression was localized to the nucleus.

*RARRES1* and *LXN* expression is induced by RA in enriched subpopulations from primary basal prostate cultures
---------------------------------------------------------------------------------------------------------------

In contrast to the data from cell lines, when DNA hypermethylation was analysed in SC, TA and CB subpopulations from primary prostate epithelial cultures derived from BPH or CaP patient samples, no significant hypermethylation was seen in any of the three subpopulations. The average methylation levels of *RARRES1* and *LXN* were less than 10% in all samples tested ([Supplementary Figure S4](#sup1){ref-type="supplementary-material"}). However, when primary epithelial cultures were treated with various concentrations of atRA over a time course and expression measured by qRT-PCR ([Supplementary Figure S5](#sup1){ref-type="supplementary-material"}), the expression of *RARRES1* and *LXN* showed dose and time responses to atRA. Expression of both *RARRES1* and *LXN* increased 4-fold after 24 h and up to 500-fold for *RARRES1* and 200-fold for *LXN* after 96 h treatment. As 100 nℳ atRA for 72 h showed the greatest induction of *RARRES1* and *LXN* expression without phenotypically affecting the cells, primary epithelial cultures derived from BPH and CaP were next treated with this concentration of atRA, and the expression of *RARRES1* ([Figure 3a](#fig3){ref-type="fig"}) and *LXN* ([Figure 3b](#fig3){ref-type="fig"}) quantified by qRT-PCR in SC, TA and CB populations. After atRA treatment, the expression of *RARRES1* and *LXN* was significantly increased in all cell populations from BPH and CaP. The more differentiated TA and CB cells showed the greatest stimulation (up to 800-fold) compared with the SC population (maximum 20-fold).

As RA responsiveness in basal prostate cells has not been studied previously, expression of the three receptors and responsiveness to atRA with a synthetic promoter was also measured. All three RAR isoforms were detected; RAR-α showed predominant nuclear expression, RAR-β showed mostly cytoplasmic expression and RAR-γ showed predominant cytoplasmic with some nuclear expression. After atRA treatment, there was no difference in the localization of any of the three RAR isoforms, as RARs are within the nucleus and attached to DNA even in the absence of RA ligand.^[@bib31]^ Transfection of primary cells with a reporter plasmid containing a tandem array of RAREs to regulate the expression of the firefly luciferase gene ([Figures 3d and e](#fig3){ref-type="fig"}) confirmed that primary cells from both BPH and CaP cells could sustain atRA-dependent gene expression (up to 25- and 15-fold increase, respectively).

RARRES1 is located in the endoplasmic reticulum (ER), and LXN is located in the nucleus of prostate epithelial cells
--------------------------------------------------------------------------------------------------------------------

The data presented in [Figures 2c and d](#fig2){ref-type="fig"} located native RARRES1 to the cell cytoplasm, and perhaps surprisingly, LXN was predominantly nuclear. To verify these locations, we transfected fusion proteins with haemagglutinin (HA) epitope tags into non-expressing prostate epithelial cells (LNCaP and PC3). As shown in [Figure 4a](#fig4){ref-type="fig"}, transfection of a synthetic RARRES1--HA fusion did not result in co-localization with the plasma membrane marker α1-Na/K-ATPase, but did co-stain with the ER marker protein disulphide isomerase ([Figures 4b and c](#fig4){ref-type="fig"}), suggesting that RARRES1 was in fact located on the ER lumen membrane. In contrast to RARRES1, LXN-HA was located in the nucleus of LNCaP cells, even in the absence of a canonical nuclear localization signal ([Figure 4e](#fig4){ref-type="fig"}). To confirm that RARRES1 was indeed not located in the plasma membrane of cells, cellular fractionation was performed in the PC3 cell line after transfection of the RARRES1-HA construct ([Figure 4f](#fig4){ref-type="fig"}). In accordance with the immunofluorescence (IF) data, RARRES1 expression was not detected in the plasma membrane fraction but in the cytoplasmic fraction, which contains ER membranes.

*RARRES1* and *LXN* have opposing effects on the migration of prostate epithelial cell lines
--------------------------------------------------------------------------------------------

To investigate the functional importance of these homologous genes, wound-healing cell migration assays were initially performed after knockdown or overexpression of *RARRES1* in PNT1a cells ([Supplementary Figure S6](#sup1){ref-type="supplementary-material"}). Compared with the scrambled control, cell migration significantly increased from 56 to 80% with *RARRES1* small interfering RNA (siRNA), but was significantly suppressed to 21% after *LXN* knockdown ([Figure 5a](#fig5){ref-type="fig"}). As expected, compared with the vector control, migration decreased after *RARRES1* overexpression from 68 to 51% and increased to 88% after *LXN* overexpression in the same cell line ([Figure 5b](#fig5){ref-type="fig"}).

*RARRES1* and *LXN* regulate invasion of primary prostate epithelial cultures
-----------------------------------------------------------------------------

As *RARRES1* and *LXN* are similarly suppressed by DNA methylation in CaP cell lines, and *RARRES1* was previously shown to be a metastasis suppressor, the effect of *RARRES1* and *LXN* on invasion was determined. Compared with the scrambled siRNA, the invasion of relatively non-invasive PNT1a cells significantly increased by almost twofold after *RARRES1* knockdown and increased threefold with *LXN* siRNA ([Figure 5c](#fig5){ref-type="fig"}). The reciprocal experiment was performed in LNCaP cells, which show the lowest expression of *RARRES1* and *LXN* ([Figure 5d](#fig5){ref-type="fig"}). Compared with the vector control, after both *RARRES1* and *LXN* overexpression, invasion was decreased. However, the overall biological effect of *LXN* was shown to be predominantly due to a difference in the number of motile cells after modulation of its expression ([Supplementary Figure S7](#sup1){ref-type="supplementary-material"}). To determine whether *RARRES1* and *LXN* also regulate the invasion and motility of primary prostate epithelial cultures, Matrigel invasion assays after siRNA knockdown were next performed ([Supplementary Figure S8](#sup1){ref-type="supplementary-material"}). Compared with the scrambled control, the average invasion of primary epithelial BPH cultures showed a highly significant increase after siRNA knockdown of *RARRES1* and *LXN* ([Figure 5e](#fig5){ref-type="fig"}). Moreover, the invasive capacity of CaP cultures also showed a highly significant increase after *RARRES1* and *LXN* knockdown ([Figure 5f](#fig5){ref-type="fig"}). In contrast to cell lines, *LXN* did not exert its effects on invasion through inhibition of cell motility ([Supplementary Figure S9](#sup1){ref-type="supplementary-material"}).

RA suppresses invasion of primary prostate epithelial cultures
--------------------------------------------------------------

To assess the effect of RA on invasion, invasion assays were performed after atRA treatment of primary prostate cultures. A concentration of 100 nℳ atRA treatment dramatically decreased the average invasion of primary prostate cultures compared with the dimethyl sulfoxide vehicle control ([Figure 5g](#fig5){ref-type="fig"}). Furthermore, the invasive capacity of primary cells after atRA treatment was fully rescued by the loss of *RARRES1* and *LXN* expressions ([Figure 5g](#fig5){ref-type="fig"}).

*RARRES1* and *LXN* regulate colony formation of primary prostate epithelial cultures
-------------------------------------------------------------------------------------

To determine whether *RARRES1* and *LXN* knockdown affected SC functions, such as self-renewal of primary prostate epithelial cultures, colony-forming assays were performed. Compared with the scrambled siRNA control, the average of the relative colony-forming efficiency of BPH cultures was significantly increased (\>2-fold; [Figure 5h](#fig5){ref-type="fig"}), and CaP cultures significantly increased by almost twofold after *RARRES1* knockdown ([Figure 5i](#fig5){ref-type="fig"}). Similarly, after *LXN* knockdown, compared with the scrambled control, the relative colony-forming efficiency of BPH cultures also significantly doubled, and CaP cultures significantly increased by almost twofold.

RARRES1 and LXN do not function through CPA4
--------------------------------------------

Sequence alignment analysis showed that the C-terminal inhibitory loop from LXN, which protrudes into the CPA4 active site is fully conserved in RARRES1, suggesting that RARRES1 may also function through CPA4 ([Supplementary Figure S1c](#sup1){ref-type="supplementary-material"}). To determine whether RARRES1 and LXN were able to bind to CPA4 in the cell, immunoprecipitation analysis was performed on transfected epitope-tagged RARRES1 and LXN ([Supplementary Figure S10](#sup1){ref-type="supplementary-material"}). The results showed that neither LXN nor RARRES1 was pulled down with CPA4 in LNCaP cells.

Discussion
==========

This is the first study to show that *RARRES1* and *LXN* are two differentiation-associated genes that are highly significantly downregulated in prostate SCs and whose expression increases through differentiation, suggesting that tight regulation of their expression within the prostate hierarchy is required. RA is well established as a differentiation-inducing agent and its action on the expression of both *RARRES1* and *LXN* was tested. Our results clearly demonstrate that *RARRES1* is induced by RA in the prostate; moreover, we identify *LXN* as a novel RA-responsive gene. This indicates that these two genes not only have homologies in their sequences, but also share important regulatory mechanisms.

RA responsiveness was first suggested by the presence of RAREs upstream of the *RARRES1* and *LXN* transcription start sites, and indeed our results show that both *RARRES1* and *LXN* were induced by atRA in basal prostate cells. Moreover, after atRA treatment of primary prostate basal cultures enriched for SC, TA and CB, the expression of both *RARRES1* and *LXN* was significantly induced in each subpopulation. The differentiated TA and CB cells were more responsive to atRA and consequently induced *RARRES1* and *LXN* expression to a greater magnitude than in the SC fraction. These results correlate with previous studies, which showed that RA promoted differentiation of SCs from a range of different tissues, including human HSC,^[@bib32],\ [@bib33]^ mouse embryonic SC,^[@bib34]^ rabbit bone marrow-derived mesenchymal SC^[@bib35]^ and human breast cancer SC.^[@bib36]^ In the converse experiment, inhibition of retinoid signalling pathways has been shown to induce the expansion of human HSC.^[@bib37]^ Prostate SCs also demonstrate high aldehyde dehydrogenase (ALDH) activity^[@bib38]^ suggesting that they possess the ability to convert vitamin A to RA. However, as our results show lower induction of *RARRES1* and *LXN* in the SC population, we hypothesise that the SC may be less responsive to atRA, and that the RA ligand produced acts in a paracrine signalling fashion by promoting RA-dependent expression in neighbouring differentiated cells more than in the SC itself. Retinoid treatment can also stimulate both prostate epithelial differentiation and growth;^[@bib39],\ [@bib40]^ whereas squamous metaplasia develops in RAR-γ knockout mice^[@bib41]^ and preneoplastic lesions develop after RXR-α inactivation in the prostatic epithelium.^[@bib42]^ All these phenomena are consistent with an effect of RA on a tumour-initiating cell or cancer SC. Depending on the stage of prostate development, RA can either positively^[@bib43]^ or negatively affect prostate formation and gland development.^[@bib44]^ Given the inhibitory effects on adult stem and amplifying cells, both *RARRES1* and *LXN* could have a role in embryonic morphogenesis.

Co-ordinate regulation of *RARRES1* and *LXN* is not only carried out by RARs, but also by DNA methylation. Both genes were hypermethylated in CaP cell lines, corroborating previous findings.^[@bib17],\ [@bib18],\ [@bib27]^ Surprisingly, RA-induced overexpression of *RARRES1* and *LXN* was absent in the LNCaP cell line, which can indeed sustain RA-dependent gene expression,^[@bib45]^ suggesting that the much higher levels of DNA methylation of these genes in this cell line could block the RAR activity in this genomic region.^[@bib46]^

We provide evidence of a significant decrease in *RARRES1* expression in primary CaP basal cultures compared with BPH, but this repression was not due to DNA methylation. *RARRES1* expression is consistently repressed by DNA methylation in CaP tissues,^[@bib18],\ [@bib22],\ [@bib27],\ [@bib47]^ which are composed of \>99% luminal cells.^[@bib48]^ This would suggest that gene silencing independent of DNA methylation occurs in basal cancer cells. In the context of a cancer hierarchy, where basal cancer cells generate aberrant luminal cancer cells, this initial silencing could be a pre-requisite to DNA hypermethylation established in luminal cancer cells. As shown in other studies,^[@bib49],\ [@bib50],\ [@bib51],\ [@bib52]^ this phenomenon can be driven by Polycomb complexes, which mark genes with repressive histone modifications that are much more likely to be hypermethylated in cancer.

AtRA treatment reduced the invasive capacity of the prostate cultures, which agrees with a number of studies showing that retinoids have a role in suppressing invasion *in vitro* and metastasis *in vivo*.^[@bib53],\ [@bib54],\ [@bib55],\ [@bib56],\ [@bib57],\ [@bib58],\ [@bib59]^ We propose that this was due to atRA treatment shifting the cultures to a more differentiated, and therefore less invasive phenotype, which expresses high levels of RARRES1 and LXN. Similarly, studies in breast cancer have shown that only the most primitive CD44^+^CD24^−^ breast cancer SC displayed an enhanced invasive capacity.^[@bib60]^ More importantly, a lack of expression of both RARRES1 and LXN increased the invasive capacity of primary prostate cultures, and fully rescued the inhibitory effect of atRA on invasion, and inhibition of *RARRES1* and *LXN* enhanced the SC properties of primary prostate cultures as shown by a significant increase in their colony-forming ability. These novel functional results support a role for both *RARRES1* and *LXN* as newly identified controllers of human SC differentiation.

We also provide evidence that RARRES1 is not a plasma membrane protein, as previously supposed, but is co-localized with an ER lumen marker. This is also the first study to provide a localization for LXN, which conversely resided within the nucleus. This difference in intracellular location of the two homologues suggests that they may have differing functions, despite possessing correlating expression patterns and regulatory mechanisms. A recent study^[@bib28]^ showed that RARRES1 was able to interact with the cytosolic carboxypeptidase AGBL2 in the HEK 293 cell line, and an interaction between LXN and CPA4 has been described,^[@bib14]^ however, we showed that neither LXN nor RARRES1 interacted with CPA4 in LNCaP cells. Taking the localization data into account, it is possible for RARRES1 but it would be less likely for nuclear LXN, to form a complex with both AGBL2 and CPA4 in prostate cells, which are primarily cytoplasmic and secreted proteins respectively. The differing localization patterns and potentially different interaction partners could account for the contrasting functions of the two homologues. Indeed, this seems to be the case in prostate cell lines, where we showed that both genes had opposing functions: LXN promoted only cell migration, whereas RARRES1 repressed cell migration and invasion. Recently, RARRES1 was identified as the major secreted product, probably lacking the N-terminal membrane anchor, from human plexiform neurofibroma-derived Schwann cells (but not normal Schwann cells).^[@bib61]^ This provides further evidence for its primary location in the ER.

We conclude that *RARRES1* and *LXN* are two co-ordinately regulated genes whose expression is repressed in CaP. This data suggests that RA might have an important role in prostate differentiation by inducing the expression of these novel differentiation-associated SC-silenced genes, whereas reducing the invasive capacity of CaP cultures. The differing cellular localizations of both genes could account for their contrasting functions; RARRES1 can probably function to suppress invasion by binding to AGBL2 but the function of LXN may be carried out via interactions with different protein partners. A loss of RARRES1 expression in cancer progression suggests that there would be an increase in the amount of detyrosinated tubulin, whose role in tumour invasion has been proposed recently, along with the suggestion that high RARRES1 levels have a role in SC differentiation and the epithelial-to-mesenchymal transition.^[@bib62]^ Elucidating the protein networks that allow these highly similar genes to function in contrasting ways will provide valuable insights into the complex regulation of SC differentiation as well as invasion and metastasis in CaP.

Materials and methods
=====================

Cell culture and treatments
---------------------------

A list of cell lines ([Supplementary Table 1](#sup1){ref-type="supplementary-material"}) and primary prostate tissues ([Supplementary Table 2](#sup1){ref-type="supplementary-material"}) used are provided as [supplementary data](#sup1){ref-type="supplementary-material"}. Tissues were disaggregated and epithelial cells isolated as described previously.^[@bib63],\ [@bib64],\ [@bib65]^ Primary epithelial cultures were enriched for cell subpopulations based on the expression of α~2~β~1~-integrin by rapid collagen adhesion and CD133 by MACS selection as described previously:^[@bib63],\ [@bib64]^ (i) an undifferentiated population of cells with SC characteristics (SC; α~2~β~1~-integrin^high^CD133^+^), (ii) transit amplifying progeny (TA; α~2~β~1~-integrin^high^CD133^−^) and (iii) committed to differentiation committed basal cells (CB; α~2~β~1~-integrin^low^CD133^−^). All cells were certified free of mycoplasma and genotyped using the ATCC-approved Powerplex 1.2 system (Promega, Madison, WI, USA) to ensure authenticity.

RNA extraction, cDNA synthesis and qRT-PCR
------------------------------------------

RNA was extracted from cells using the RNeasy mini kit (Qiagen, Hilden, Germany). Total RNA (50 ng/500 ng) was reverse transcribed using random hexamer primers (Invitrogen, Carlsbad, CA, USA) and Superscript III reverse transcriptase (Invitrogen). Quantitative real-time PCR was performed using TaqMan gene expression assays on the ABI Prism 7000 Sequence Detection System (Applied Biosystems, Foster City, CA, USA) or the SsoFast Probes Supermix on the CFX96 Real-Time PCR Detection System (Bio-Rad Laboratories, Hercules, CA, USA). Analyses were carried out using the delta--delta Ct method for relative quantification^[@bib66]^ or standard curve method for absolute quantification.

Pyrosequencing methylation analysis
-----------------------------------

DNA was extracted from cells and tissues using the DNeasy Blood and Tissue Kit (Qiagen) and the QIAamp DNA micro kit (Qiagen) for small samples. DNA (50 ng/500 ng) was bisulphite converted using the EpiTect Bisulfite Kit (Qiagen). RARRES1 and LXN were amplified by PCR (Platinum TAQ, Invitrogen) with specific primers (see [Supplementary Table 3](#sup1){ref-type="supplementary-material"}) for regions within their CpG Island, and sequenced using the Pyromark Q24 pyrosequencer (Qiagen).

Immunofluorescence
------------------

Antibodies used were: RARRES1 (Santa Cruz Biotechnology, Santa Cruz, CA, USA), LXN (Sigma-Aldrich, St Louis, MO, USA), HA (Santa Cruz), RAR-α, -β, -γ (Santa Cruz), protein disulphide isomerase (AbCam, Cambridge, MA, USA), α1-Na/K-ATPase (AbCam) antibodies or rabbit IgG (Sigma) or mouse IgG (R&D Systems, Minneapolis, MN, USA) isotype negative control antibodies. Alexa Fluor 488 or 568 secondary antibodies (Invitrogen) were also used for detection.

Luciferase assay
----------------

Cignal RARE reporter (luc) kit plasmids (SABiosciences, Qiagen) were transfected into primary cultures using TransIT-Prostate transfection kit (Mirus Bio, Madison, WI, USA) as transfection reagent, following manufacturer\'s protocol. Luciferase expression was measured using the Dual-Glo system (Promega, Madison, WI, USA) following manufacturer\'s protocol using the Polarstar Optima micro-plate reader (BMG Labtech, Offenburg, Germany).

Cell fractionation and western blotting
---------------------------------------

Cells were sonicated using the Bioruptor system (Diagenode, Liège, Belgium). Unbroken cells were pelleted by centrifugation. To collect the intracellular membranes, the supernatant was incubated with ice-cold sodium carbonate (0.1 ℳ, pH 11) for 1 h and ultracentrifuged at 100 000 × *g* for 1 h, two times. To collect the plasma membrane, the pellet was re-suspended in ice-cold Tris buffer and ultracentrifugated at 115 000 × *g* for 20 min. Western blot analysis was used to detect expression.

SiRNA knockdown
---------------

Cells were transfected with Silencer select (Applied Biosystems) siRNAs targeting *RARRES1* (siRNA ID: s11812), *LXN* (siRNA ID: s230651) or negative control \#1 using DharmaFECT 2 (Dharmacon, Lafayette, CO, USA) as transfection reagent for cell lines or oligofectamine (Invitrogen) as transfection reagent for primary cultures.

cDNA expression vector transfection
-----------------------------------

Cells were transfected with endofree (Qiagen) pReceiver-M45 RARRES1, pEZ-M06 LXN or pReceiver-M06 control vector with eGFP cDNA expression plasmids (GeneCopoeia, Rockville, MD, USA) using TransIT-2020 transfection reagent (Mirus Bio).

Cell migration assay
--------------------

Cells were treated with 10 nℳ siRNA or cDNA expression vectors 24 h after plating and after incubation at 37 °C for 48 h, a wound was created using a 1-ml pipette tip. The width of the wound at 0 and 18 h was measured using Volocity software (Perkin Elmer, Waltham, MA, USA), the average (of 10 points) taken and the relative percentage wound closure at 18 h with respect to the starting wound size was calculated.

Matrigel invasion assay
-----------------------

The ability of epithelial cells to migrate through Matrigel was determined by the modified Boyden-chamber method.^[@bib67]^ Briefly, cultures transfected with siRNA or expression vectors for 24 h, were plated onto Matrigel (BD Biosciences, Bedford, MA, USA) coated 8 μm filters. RPMI medium supplemented with 10% serum was used as a chemo-attractant. Cells invading through Matrigel and filters were counted 48 h after plating.

Clonogenic recovery assay
-------------------------

Primary cultures were treated with 50 nℳ siRNA for 96 h and plated at 100 cells per well in a 6-well collagen-I-coated plate (BD Biosciences), in triplicate with irradiated STO feeder cells. When colonies greater than 32 cells (five population doublings) started to emerge within 10--14 days the number of colonies were counted visually.
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![The expression of *RARRES1* and *LXN* is induced by retinoic acid and correlates with DNA methylation in prostate epithelial cell lines. (**a**) Depiction of RAREs found in a 5-kB portion of the *RARRES1* and *LXN* promoters using the JASPAR database. (**b**) qRT-PCR expression data quantifying the expression of *RARRES1* and (**c**) *LXN* after treatment of basal (PNT2-C2, BPH-1, RC-165n/hTERT and Bob) and luminal (LNCaP) prostate cell lines with 500 nℳ atRA over a time course. In advance of atRA treatments, cell lines were grown for 24 h in charcoal-stripped serum-supplemented media. Expression relative to an RPLPO control gene; *n*=3 technical replicates; error bars expressed as range of the mean. (**d**) The percentage promoter methylation of *RARRES1* and *LXN* in benign and CaP cell lines (Bars=single CpG sites; black line=average of individual CpG sites; error bars expressed as standard deviation of *n*=3 technical replicates; EpiTect PCR unmethylated and methylated control DNA were used as negative and positive controls, respectively (Qiagen)). (**e**) mRNA expression of *RARRES1* and *LXN* was analysed by qRT-PCR in benign (PNT2-C2) and CaP (P4E6, PC3 and LNCaP) cell lines after treatment with 1 μℳ 5-aza-2′-deoxycytidine (AZA) for 96 h. Expression relative to a glyceraldehyde 3-phosphate dehydrogenase (*GAPDH*) control gene and plotted on a log~10~ scale; UD: expression undetectable after 40 cycles; error bars expressed as standard deviation of *n*=2 biological replicates. (**f**) Dot plot showing the correlation between mRNA expression and DNA methylation of *RARRES1* and *LXN*. Statistical significance values were measured by the Student\'s *t*-test (\**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001). DMSO, dimethyl sulfoxide; TSS, transcription start site.](oncsis20136f1){#fig1}

![*RARRES1* and *LXN* are expressed at low levels in prostate epithelial cultures enriched for stem cells. Absolute gene expression of (**a**) *RARRES1* and (**b**) *LXN* in epithelial cell cultures enriched for SC, TA and CB cells derived from BPH (*n*=5) and CaP (*n*=6) relative to a standard curve using serial dilutions of *RARRES1* (pReceiver-M45) or *LXN* (pEZ-M06) cDNA expression vectors. Average expression denoted by a horizontal line. Statistical significance values were measured by the Mann--Whitney test (\**P*\<0.05, \*\**P*\<0.01). (**c**) Immunofluorescence images of RARRES1 and (**d**) LXN expression in primary prostate epithelial cultures enriched for SC, TA and CB cells derived from BPH and CaP. Cells were counterstained with 4′-6-diamidino-2-phenylindole to enable nuclear visualization. White scale bar represents 10 μm. (**e**) Antibody controls used Rabbit IgG instead of primary antibody and secondary antibody only. Filled shapes and symbols in a, b indicate primary samples from different patients.](oncsis20136f2){#fig2}

![*RARRES1* and *LXN* are induced by retinoic acid in primary prostate cultures. (**a**) qRT-PCR expression data quantifying the relative expression of *RARRES1* and (**b**) *LXN* expression after treatment of primary epithelial cell cultures (enriched for SC, TA and CB cells) derived from BPH (*n*=3) or CaP (*n*=3) with 100 nℳ atRA for 72 h. All expression values are relative to an *RPLPO* endogenous control. Within each subpopulation, expression of all dimethyl sulfoxide (DMSO)-treated and atRA-treated samples was normalized to the DMSO-treated sample showing the lowest expression of *RARRES1* or *LXN* (set at 1). Average expression denoted by a horizontal line. (**c**) RAR-α, -β and -γ expression was detected by immunofluorescence in primary epithelial cultures derived from CaP, treated with 500 nℳ atRA for 24 h or a DMSO control. Cells were counterstained with 4′-6-diamidino-2-phenylindole to enable nuclear visualization. White scale bar represents 10 μm. Antibody controls using rabbit or mouse IgG instead of primary antibody and secondary antibody only. (**d**) Luciferase activity in primary prostate epithelial cell cultures derived from BPH and (**e**) CaP transfected with a RARE reporter plasmid, and 12 h after transfection, cells were treated with various concentrations of atRA for a further 24 h. Luciferase activity was normalized to the values of the cells transfected with a negative control plasmid (lacked RARE regulatory elements). Statistical significance values were measured by the Student\'s *t*-test (\**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001). Filled shapes in a,b indicate primary samples from different patients.](oncsis20136f3){#fig3}

![RARRES1 is located in the ER, and LXN is located in the nucleus of prostate epithelial cell lines. Confocal immunofluorescence images depicting the location of HA-tagged RARRES1 in LNCaP (**a**, **b**) and PC3 (**c**) cells and LXN in LNCaP (**d**) cells 24 h after transfection. Cells we co-stained with anti-HA tag and (**a**) anti-α~1~-Na^+^/K^+^-ATPase (plasma membrane marker), (**b**, **c**) anti-protein disulphide isomerize (PDI; ER marker), (**d**) anti-LXN antibodies. Cells were counterstained with 4′-6-diamidino-2-phenylindole (DAPI) to enable nuclear visualization. White scale bar represents 10 μm. (**e**) Antibody controls using rabbit or mouse IgG instead of primary antibody and secondary antibody only. (**f**) Western blot data showing protein levels of RARRES1-HA (33 kDa) in unbroken cell fraction (UBC), wash fraction (Wash 1) and plasma membrane fraction (PM) of PC3 cells transfected with HA-tagged RARRES1 or reagent-only control (Mock) for 24 h before lysing the cells. Blots were probed with anti-HA (Santa Cruz) primary antibodies and horseradish peroxidase-linked secondary antibodies (Cell Signalling). Antibodies against α1-Na/K-ATPase (AbCam) and β-actin (Sigma) were used as plasma membrane and cytoplasmic internal controls, respectively.](oncsis20136f4){#fig4}

![RARRES1 and LXN regulate cell migration, invasion and colony formation in prostate epithelial cell lines and primary cultures. (**a**) Wound closure assay data showing the motility of PNT1a cells transfected with 10 nℳ scrambled, *RARRES1* or *LXN* siRNA or (**b**) empty vector, *RARRES1-HA* or *LXN-HA* transfection vectors, 72 h after transfection and 18 h after wounding. (error bars expressed at the standard deviation of *n*=3 biological replicates). (**c**) Matrigel invasion assay data showing the relative number of invasive PNT1a cells transfected with 10 nℳ scrambled (scr), *RARRES1* or *LXN* siRNA (knockdown) or (**d**) LNCaP cells transfected with vector only, *RARRES1-HA* or *LXN-HA* transfection vectors (overexpression). Epithelial cells from the PNT1a (an immortalized cell line from benign prostate; invasion set at 1) and MDA-MB-231 (metastatic breast cancer cell line) cell lines were used as negative and positive controls, respectively (error bars expressed as standard deviation of *n*=3 technical replicates). (**e**) Matrigel invasion assay data showing the relative invasion of primary prostate BPH (*n*=4) and (**f**) CaP (*n*=5) epithelial cultures transfected with 50 nℳ scrambled, *RARRES1* or *LXN* siRNA. All data are 72 h after transfection (least invasive media sample set at 1). (**g**) Matrigel invasion assay data showing the percentage invasion/migration of a primary prostate BPH epithelial culture initially treated with 100 nℳ atRA for 18 h, and then transfected with 50 nℳ scrambled, *RARRES1* or *LXN* siRNA for a further 72 h (PNT1a invasion set at 1). (**h**) Relative colony-forming assay recovery data after transfection of primary BPH (*n*=3) and (**i**) CaP (*n*=4) epithelial cultures with 50 nℳ scrambled, *RARRES1* or *LXN* siRNA or untransfected (media; all media samples set at 1) for 96 h. Statistical significance values were measured by the Student\'s *t*-test (\**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001). The percentage colony-forming efficiency (CFE) was calculated by dividing the number of colonies by the number of cells plated and relative CFE was calculated by setting the CFE for each media sample at 100%. Filled shapes in e,f,h,i indicate primary samples from different patients.](oncsis20136f5){#fig5}
